Introduction {#S1}
============

Heterotrophic bacteria are key players in many marine biogeochemical processes mainly due to their ability to degrade organic matter. Bacterial degradation of organic matter is largely controlled by its chemical composition and environmental factors such as temperature. An early study suggested a slower degradation of organic matter in polar compared to temperate and tropical marine environments ([@B62]), with subsequent studies finding increasing microbial activity and/or organic matter degradation with temperature (e.g., [@B51]; [@B40]; [@B47]; [@B57] and references therein). Human activity is causing increases in global temperatures, with the ocean absorbing around 90% of this extra heat ([@B63]). Climate models predict a mean increase in sea surface temperatures between 1 and 3°C by the end of this century ([@B63]), with the warming rates of coastal zones exceeding by up to an order of magnitude those of the open ocean ([@B4]).

Tropical coastal waters are global hotspots of biogeochemical activity, receiving and processing approximately one order of magnitude more carbon, nitrogen, and phosphorus than temperate and polar regions ([@B16]), with the high activity being sustained by the relatively high river discharges, elevated temperatures and sunlight levels ([@B58]). Despite the importance of tropical coastal waters, to date no study has investigated in detail how warming will impact biogeochemical processes in these low latitude systems. From a global warming perspective, tropical waters are special cases as they already experience elevated temperatures, which are increasing at a rate of about 70% of the average global ocean temperature ([@B52]). Whether tropical microbes will be impacted by increasing temperatures is still an unresolved question. Some studies suggest that they already operate close to their optima, hence further warming should not have any major impact on their metabolic rates ([@B70]; [@B57]). However, other studies suggest that tropical marine microbes are expected to increase their activity under warming conditions ([@B54]). Low latitude coastal waters are the ideal place to test these contrasting views, since presently they are characterized by the highest ocean surface temperatures on Earth.

Dissolved organic matter (DOM) is metabolically the most important source of energy (carbon) and nutrients (nitrogen and phosphorus among others) for heterotrophic bacterial growth ([@B44]). The source of this DOM is thought to come partly from phytoplankton, dominated in tropical coastal waters by the picoplankton size-class ([@B29]; [@B17]). However, in a subset of tropical systems, coastal vegetation is dominated by highly productive mangrove and seagrass ecosystems, which play key roles in the biogeochemical and material fluxes to the coastal zone ([@B41]; [@B1]). How each of these DOM sources impact the degradation pathways is unknown, but a study in a temperate estuary has suggested that the source of organic matter could be important in regulating bacterioplankton carbon metabolism ([@B6]). Furthermore, [@B55] demonstrated that the export of mangrove-derived DOM to coastal waters accounted for 10% of the total pool 1 km away from the source. Additionally, seagrass DOM exudation appears to sustain a large fraction of heterotrophic activity in coastal epipelagic waters ([@B71]). However, there are no studies determining the combined impact of warming and DOM substrates in tropical waters. But the fact that temperature and substrate availability act as interactive limiting factors for marine heterotrophic bacteria in large parts of the ocean ([@B62]; [@B51]; [@B37]) suggests that focusing only on temperature might not suffice to accurately predict future changes. Therefore, establishing whether such links exist is critical to our understanding of the regulation of biogeochemical cycles in low latitude regions.

Our hypotheses in this study are that: (1) warming will increase the rates of microbial carbon processing in tropical coastal waters, but (2) substrate bioavailability will ultimately determine the extent of heterotrophic bacterioplankton activity increase (i.e., how much biomass will be produced by a 1°C temperature increase). To test these hypotheses, we conducted laboratory incubation experiments in which glucose, seagrass and mangrove DOM was added to surface seawater collected in the coastal region of the Great Barrier Reef, Australia (19°13′06′′S 147°8′21′′E). After inoculating the experiments with 1/10 of ambient bacterial assemblages, they were simultaneously incubated over 4 days at ambient temperature, and at 3°C below and above *in situ* values. Changes in heterotrophic bacterial abundance, activity (measurements of three extracellular enzymes, and of heterotrophic production via thymidine uptake) together with DOM bioavailability were measured to provide a comprehensive view of the temperature sensitivity of tropical planktonic bacteria and how these factors were impacted by the different DOM sources. Our results suggest that not only warming affected the metabolism of tropical heterotrophic bacterioplankton, but that the degree of the warming response changed dramatically depending on the DOM bioavailability.

Materials and Methods {#S2}
=====================

Study Area {#S2.SS1}
----------

The Great Barrier Reef is situated on the continental shelf and slope of Australia's North East coast, occupying a total area of 224,000 km^2^ ([@B35]). Coral reefs and seagrasses occupy 7 and 20%, respectively of the shelf seabed, and adjoining mangrove forests cover a total area of 1044.8 km^2^ ([@B35]). These estimates are derived from satellite images, but the value for seagrass meadows is imprecise owing to a lack of thorough validation. The open water body separating the reef area from the mainland is known as the Great Barrier Reef lagoon. This extensive lagoon has a water depth of around 10--20 m close to shore increasing to 40 m toward the reefs. The Great Barrier Reef region has a monsoonal climate, characterized by a wet summer (December--March) season and a dry winter season. The Great Barrier Reef shows considerable variation in surface water temperature (approx. range from 20 to 31°C), both seasonally and over its 15° of latitudinal extent. Despite the water column being generally well mixed, vertical temperature differences can occur in the deeper parts, with daily temperature changes exceeding 5°C during intrusion events from the Coral Sea ([@B5]). Mangroves and seagrasses are major contributors of material fluxes to the coastal zone of the Great Barrier Reef, thus both ecosystems play major roles in determining the biogeochemistry of the system, which might change in response to anthropogenic perturbations ([@B1]). The system is furthermore characterized by rapid phytoplankton growth, protistan grazing and nutrient cycling ([@B29]), with DOM representing around 80% of total carbon, nitrogen and phosphorus ([@B44]).

Experimental Setup {#S2.SS2}
------------------

To test the impact of temperature and specific DOM sources on the Great Barrier Reef bacterial community, we added DOM from three different sources: glucose, DOM leached from the seagrass *Halodule uninervis* and from *Rhizophora stylosa* mangrove leaves. Marine surface water was used as a control. The seagrass and mangrove species were chosen as they are foundation species and are amongst the most common species in the Great Barrier Reef ([@B53]).

The seawater sample was collected on October 18, 2016 (late dry season) using a 25 L acid cleaned Niskin bottle from 4 km off Cape Cleveland (19°13′06′′S 147°8′21′′E), Australia, a 20--30 m depth site away from direct human influence. The water was collected from 5 m depth and combined into two 50 L acid-washed containers. After collection, the seawater sample was kept in the dark until processed at the base laboratory. Water temperature was measured immediately after collection, while aliquots for the analysis of salinity were collected and measured in the laboratory using an Autosal 8400A. Water samples for chlorophyll *a* determination were collected by filtering seawater (200 mL) through a GF/F filter and analyzed after 90% acetone extraction with a Turner Designs 10000R fluorometer.

Seawater filtrations started within 1 h after collection. One part was gently vacuum-filtered (\<10 KPa) in an acid-washed (2 mmol L^--1^ HCl and rinsed three times with Milli-Q water) glass filtration unit using a pre-combusted (450°C for 4 h) GF/C filters (nominal pore size 1.2 μm) to establish a starting community (total of 8 L was filtered) to be used in all experiments, which was kept in the dark close to *in situ* temperature (∼27°C) until used ∼2 h later. It is established that the use of filters with a similar pore size to GF/C filters may allow flagellates through ([@B20]). In our experiment, we did not check for the presence of protists and can therefore not exclude they were present and impacted our results. The remaining seawater was gravity filtered through a dual-stage (0.8/0.2 μm) filter cartridge (Pall-Acropak Supor membrane), which had been pre-washed with Milli-Q water (\>10 L). The seawater was hereafter used as the control experiment and to dilute the DOM obtained from a glucose solution, seagrass, and mangrove leaves.

The glucose (C~6~H~12~O~6~) stock solution was prepared in 0.2 μm-prefiltered MQ water. Fresh seagrass and mangrove leaves were collected in Cleveland Bay (19°13′05′′S 146°55′19′′E), Australia, brought back to the laboratory and rinsed thoroughly with 0.2 μm-prefiltered surface seawater. The seagrass and mangrove-derived DOM was thereafter extracted by adding ca. 25 g of dried leaves (60°C for 12 h in the dark) to a glass bottle containing 1 L of 0.2 μm-filtered seawater. After extraction (at 20°C for 24 h in the dark) the water was filtered through a pre--combusted GF/C filter and then through a dual--stage filter cartridge (0.8/0.2 μm, Pall-Acropak Supor membrane) to isolate the DOM fraction. The concentrations of dissolved organic carbon (DOC) and inorganic nutrient in all these solutions were then measured. The DOM sources were added to different 20 L carboys (glucose, seagrass, mangrove) to reach a DOC enrichment of ca. 40 μmol C L^--1^ (which corresponds to the approximate seasonal build-up of DOC in the Great Barrier Reef ([@B49]). These additions are obviously simplistic, as the natural DOC build-up consists of a mixture derived from a variety of sources, and not only from single species of mangrove and seagrass, or a single compound (e.g., glucose). On average, carbohydrates account for 6% (range 3--11%) of the DOC pool in the Great Barrier Reef, with DOC at inshore stations having concentrations between 70 and 126 μmol C L^--1^ ([@B49]). This results in an approximate carbohydrate concentration between 4 and 8 μmol C L^--1^, which is lower than our glucose addition. The GF/C filtered microbial culture was added in a ratio of 1 part of microbial culture, to 9 parts of water (control, glucose, seagrass, mangrove). The water was distributed into 180 different (45 per substrate) acid-rinsed glass bottles (500 mL) and incubated in the dark at three different temperatures (−3°C, *in situ*, +3°C), with 3 replicate bottles at each temperature and DOC treatment being collected for analysis at Days 0, 1, 2, 3, and 4. The incubations were sealed to eliminate the introduction of volatile organic compounds, but still had a ca. 100 mL headspace allowing air-water gas transfer. The bottles were not mixed during the incubation period but were mixed before each subsampling on Days 0, 1, 2, 3, and 4 to homogenize the sampled water. The incubations were performed in the dark at the National Sea Simulator (SeaSim) of the Australian Institute of Marine Science (AIMS), which is able to keep the temperature constant with an accuracy of ±0.1°C.

Unfiltered water from these bottles was used to follow changes in bacterial abundance (BA) and cell size, bacterial production (BP), and total extracellular enzymatic activity (EEA). Samples for the analysis of the dissolved phase were collected by filtration through prewashed (250 mL Milli-Q water) 0.2 μm filters (Pall, Supor membrane Disk Filter) to follow changes in dissolved inorganic nitrogen (DIN i.e., the sum of NH~4~^+^ and NO~3~^--^/NO~2~^--^), and phosphate (DIP: HPO~4~^--2^), and DOC. Water samples for DIN and DIP were collected in 20 mL acid washed polyethylene bottles and kept frozen (−20°C) until analysis. Sub-samples (10 mL) for DOC analysis were collected in pre-combusted (450°C, 12 h) glass ampoules and preserved by adding 50 μL of 25% H~2~PO~4~.

Sample Measurements {#S2.SS3}
-------------------

DIN and DIP were determined using standard segmented flow analysis ([@B34]). DOC concentrations were measured by high temperature combustion (720°C) using a Shimadzu TOC-L carbon analyzer. Prior to analysis, CO~2~ remaining in the acidified sample water was removed by sparging with O~2~ carrier gas. Three to five replicate injections of 150 μL were performed per sample. Concentrations were determined by subtracting a Milli-Q water blank and dividing by the slope of a daily standard curve made from potassium hydrogen phthalate and glycine. To avoid the small error associated with day-to-day instrument variability, all samples from each experiment (control, glucose, seagrass, mangrove) were analyzed on a single day. Using the deep ocean reference samples, we obtained an average DOC concentration of 43 ± 1 μmol C L^--1^. The average DOC concentration of deep ocean reference samples provided by the reference laboratory (Prof. Hansell Lab) are 41--44 μmol C L^--1^. The difference between the initial (DOC~0~) and minimum DOC (DOC~Min~) concentration over the 4 days' incubation was defined as the bioavailable DOC (BDOC).

In this manuscript, we use the term marine bacteria since archaea in coastal waters normally only contributed to a minor (generally \<1%) part of the total marine prokaryote population ([@B24]). Samples for BA were fixed with 25% glutaraldehyde (0.5% final concentration) for 30 min at 4°C, flash frozen in liquid nitrogen and stored at −80°C until analyzed. Thawed samples were stained with the nucleic acid-specific dye SYBR Green I (Invitrogen-Molecular Probes) for 15 min in the dark and analyzed using a FACSVerse (BD Sciences) flow cytometer. The abundance was calculated after daily calibration of the flow cytometer's flow rate as described in [@B30]. Bacterial cell volume (μm^3^) was obtained with an empirical calibration between cell diameter and mean right-angle light scatter in the flow cytometer assuming a spherical shape ([@B18]). Bacterial biomass (BB) was calculated by converting size into biomass using: pg C cell^--1^ = 0.12 × cell size^0.72^ ([@B59]).

BP was measured by \[^3^H\] thymidine incorporation ([@B28]). A stock solution of \[^3^H-methyl\] thymidine (20 nmol L^--1^ final concentration) was added to three replicate 9.9 mL samples and 2 trichloroacetic acid killed samples. The samples were incubated in the dark at the respective temperature (−3°C, *in situ*, +3°C) for 1 h, 10 mL of ice-cold trichloroacetate (TCA) was thereafter added and samples were filtered onto 0.2 μm polycarbonate filters (pre-soaked in non-labeled thymidine), washed with 95% ethanol and autoclaved Milli-Q water. The filters were hereafter dried at room temperature (24 h) and mixed with 10 mL of scintillation fluid (Ultima Gold). The radioactivity incorporated into cells was counted using a Perkin Elmer Tri-Carb 2810 TR scintillation counter. The disintegrations per minute (DPM) of the TCA-killed blank were subtracted from the DPMs of the samples. The thymidine incorporated by bacteria was converted into carbon units using the theoretical conversion factor of 2 × 10^18^ cells mol^--1^ thymidine ([@B28]) and actual BB estimates at each sampling day and experiment. The integrated BP values (BP~Int~) was calculated as the cumulative incorporation rate integrated over time. The cell specific BP (Cell BP) was calculated dividing the BP estimate by the cell abundance. In this calculation we were aware of the uncertainty associated with the presence of non-living cells, which could have caused an underestimation of the Cell BP.

The integrated bacterial growth efficiency (BGE in %) over the 4 days (BGE~Int~) was calculated as bacterial growth (BG, i.e., the net increase in BB between day 0 and the maximum, BG = BB~Max~ -- BB~day0~) divided by the BDOC:
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The hydrolysis of the fluorogenic substrate analogs L-leucine-7-amido-4-methylcoumarin (MCA),4-methylumbelliferyl (MUF)-β-D-glucoside and MUF-phosphate was analyzed to estimate potential activity rates of LAPase, BGase, and APase, respectively ([@B36]). LAPase is a proteolytic enzyme, BGase is a glycolytic enzyme, and APase is an esterase involved in the acquisition of P from DOM. The procedure was followed as previously described ([@B9], [@B10]). Briefly, EEA was determined after substrate addition and incubation using a spectrofluorometer with a microwell plate reader (Biotek Cytation 3 Imaging Multi-Mode Reader) at excitation and emission wavelengths of 365 and 445 nm, respectively. Samples (300 μL) were incubated in the dark at the respective temperature (−3°C, *in situ*, +3°C) for 1.5--3 h depending on activity. The increase in fluorescence over time was transformed into hydrolysis activity using a standard curve established with different concentrations of the fluorochromes MUF and MCA added to 0.2 μm filtered sample water. A final substrate concentration of 250 μmol L^--1^ was used, which was previously determined as saturating substrate concentrations. The integrated enzyme activity values (APase~Int~, BGase~Int~, and LAPase~Int~) were calculated as the cumulative incorporation rate integrated over time.

To calculate the activation energy (*E*~a~) in eV of BDOC and BG the obtained values were converted to rates by dividing the value by the day when the minimum (BDOC) or maximum values (BG) were obtained. For the BP and the activity of APase, BGase, and LAPase, the integrated rates were used to calculate the *E*~a~. We used integrated values to obtain an overall temperature impact and to ensure that the calculated temperature impacts could be compared with the BDOC and BG estimates which were derived from whole experimental values. Also, the calculation of the *E*~a~ is based on a relative change of rate activity with temperature, and therefore the overall change in values with temperature could be different (see [Table 1](#T1){ref-type="table"}) while the ratio between them remain constant. Temperature impacts were calculated using the Arrhenius law, which is defined by:

###### 

Initial and final concentrations of dissolved inorganic phosphate (DIP) and nitrogen (DIN; sum of nitrate/nitrite + ammonium). The dissolved organic carbon (DOC) concentration at incubation day 0 (DOC~0~) and the minimum concentration (DOC~Min~) are also shown together with the bioavailable fraction (BDOC). Initial (BP~0~) and final (BP~4~) bacterial production (BP), and the 4 days integrated BP values (BP~Int~) are shown. The initial (BA~0~, BB~0~) and maximum (BA~Max~, BB~Max~) cell abundance (BA) and biomass (BB) are shown as well as the 4 days integrated growth in bacterial biomass (BG). The 4 days integrated enzymatic activities for alkaline phosphatase (APase~Int~), β-glucosidase (BGase~Int~) and leucine aminopeptidase (LAPase~Int~) are also shown. Values are averages of the three replicate bottles ± standard deviation.

                                 **Control**      **Glucose**      **Seagrass**     **Mangrove**                                                                                                                              
  ------------------------------ ---------------- ---------------- ---------------- ---------------- ---------------- ---------------- ----------------- ---------------- ---------------- ----------------- ---------------- ----------------
  DIP~0~ (μmol P L^--1^)                          0.08 ± 0.02                                        0.07 ± 0.02                                         0.03 ± 0.02                                         0.87 ± 0.01      
  DIN~0~ (μmol N L^--1^)                          0.26 ± 0.06                                        0.26 ± 0.03                                         0.24 ± 0.02                                         0.36 ± 0.02      
  DOC~0~ (μmol C L^--1^)                          83 ± 1                                             128 ± 2                                             128 ± 1                                             126 ± 1          
  DOC~Min~ (μmol C L^--1^)       72 ± 1^∗∗^       69 ± 1^∗∗^       68 ± 2^∗∗^       118 ± 1^∗^       112 ± 4^∗^       105 ± 1^∗^       123 ± 1^∗^        121 ± 1^∗^       116 ± 1^∗^       102 ± 1^∗∗^       97 ± 1^∗∗^       92 ± 1^∗∗^
  BDOC (μmol C L^--1^)           11 ± 1           14 ± 2           15 ± 2           9 ± 3            16 ± 6           23 ± 3           4 ± 1             8 ± 1            12 ± 2           24 ± 1            28 ± 1           33 ± 1
  BP~0~ (μmol C L^--1^ d^--1^)   0.04 ± 0.01      0.05 ± 0.01      0.06 ± 0.01      0.02 ± 0.01      0.03 ± 0.01      0.05 ± 0.01      0.02 ± 0.01       0.03 ± 0.01      0.03 ± 0.01      0.01 ± 0.01       0.01 ± 0.01      0.01 ± 0.01
  BP~4~ (μmol C L^--1^ d^--1^)   0.09 ± 0.01      0.12 ± 0.02      0.07 ± 0.01      0.09 ± 0.03      0.09 ± 0.01      0.11 ± 0.03      0.11 ± 0.01       0.12 ± 0.01      0.14 ± 0.01      1.78 ± 0.06       2.59 ± 0.18      4.08 ± 0.21
  BP~Int~ (μmol C L^--1^)        0.42 ± 0.04      0.49 ± 0.04      0.50 ± 0.06      0.37 ± 0.04      0.41 ± 0.03      0.51 ± 0.06      0.38 ± 0.02       0.53 ± 0.03      0.57 ± 0.04      3.41 ± 0.20       5.08 ± 0.31      8.42 ± 0.93
  BB~0~ (μmol C L^--1^)                           0.09 ± 0.01                                        0.08 ± 0.01                                         0.10 ± 0.01                                         0.09 ± 0.01      
  BB~Max~ (μmol C L^--1^)        0.36 ± 0.02^∗^   0.36 ± 0.02^∗^   0.36 ± 0.01^∗^   0.30 ± 0.03^∗^   0.37 ± 0.01^∗^   0.44 ± 0.03^∗^   0.58 ± 0.12^∗∗^   0.64 ± 0.11^∗^   0.63 ± 0.04^∗^   10.25 ± 1.08^∗^   9.42 ± 0.71^∗^   9.05 ± 0.92^∗^
  BG (μmol C L^--1^)             0.27 ± 0.02      0.27 ± 0.03      0.27 ± 0.02      0.21 ± 0.04      0.28 ± 0.01      0.35 ± 0.04      0.48 ± 0.13       0.54 ± 0.12      0.53 ± 0.05      10.16 ± 1.09      9.33 ± 0.72      8.96 ± 0.93
  APase~Int~ (nmol L^--1^)       12 ± 1           20 ± 1           30 ± 3           12 ± 1           24 ± 1           31 ± 2           14 ± 2            26 ± 3           30 ± 3           273 ± 22          341 ± 25         522 ± 40
  BGase~Int~ (nmol L^--1^)       0.6 ± 0.3        1.2 ± 0.2        2.7 ± 0.5        2.0 ± 0.6        2.5 ± 0.6        3.4 ± 0.6        5.5 ± 1.7         6.8 ± 1.3        8.7 ± 1.9        102 ± 16          149 ± 7          185 ± 12
  LAPase~Int~ (nmol L^--1^)      43 ± 3           41 ± 4           53 ± 5           66 ± 4           83 ± 8           88 ± 9           113 ± 21          201 ± 26         362 ± 23         241 ± 43          394 ± 31         1308 ± 130

∗

Value was obtained on day 3;

∗∗

Value was obtained on day 4.
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where *B* is the metabolic rate; *A* is the theoretical metabolic rate if the rate was temperature independent; *E*~a~ is the activation energy; *k* is the Boltzmann's constant (8.62 × 10^--5^ eV K^--1^); and *T* is the temperature in Kelvin. An estimate of *E*~a~ can be derived by the slope of a regression where the ln-transformed values were plotted against the inverse experimental temperature (1/*k* × T).

The relationship between temperature and biological rates has commonly been expressed with the factor by which a rate increases with a 10°C increase (*Q*~10~). In this study we assumed that the relationship between rates and temperature is exponential and we used the following function ([@B43]):
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where *T*~1~ and *T*~2~ are the temperatures at which the rates were measured.

Model I (ordinary least squares) linear regression analyses for calculating *E*~a~ values, analyses of covariance (ANCOVAs) for assessing significant *E*~a~ differences between experiments and paired *t*-tests were performed using JMP v11 software (StatSoft Inc.). As the *E*~a~ of the different metabolic rates were calculated with three values (i.e., the mean or integrated rates at 38.20, 38.58, and 38.97 1/KT values), we additionally tested whether the obtained *E*~a~ values using the three replicates (e.g., for BP or extracellular enzymatic activities) at a given time point (e.g., day 2) were comparable to the corresponding *E*~a~ values for the whole experimental period. A comparison between whole experiment *E*~a~ values and the mean values for the individual days 2 and 3 (where bacterial responses were fully developed) were strongly correlated (*r* = 0.89, *p* \< 0.001, *n* = 16) and not significantly different (paired *t*-test, *p* = 0.44/*p* \> 0.05, *n* = 16). This demonstrated that the *E*~a~ values calculated for the whole experiment and for individual days were comparable and that a consistent *E*~a~ was observed over the experimental period.

Results {#S3}
=======

Environmental Conditions and Dissolved Organic Carbon Degradation {#S3.SS1}
-----------------------------------------------------------------

The recorded surface seawater salinity (35.9), temperature (27.7°C), chlorophyll *a* (0.20 μg L^--1^), nutrient levels (DIP: 0.08 ± 0.02 μmol P L^--1^; DIN: 0.25 ± 0.06 μmol N L^--1^), and DOC concentrations (83 ± 1 μmol C L^--1^) were similar to the typical late dry season conditions in the Great Barrier Reef ([@B47]).

The DOC was added from different sources (glucose, seagrass, mangrove) to reach an enrichment of ca. 40 μmol C L^--1^, on top of the initial concentration found in the control, which was achieved in all experiments ([Table 1](#T1){ref-type="table"}). In all experiments the BDOC concentrations increased with warming ([Figure 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). BDOC was highest in the mangrove experiment (range: 24--33 μmol C L^--1^), followed by the glucose (9--23 μmol C L^--1^), control (11--15 μmol C L^--1^), and seagrass (4--12 μmol C L^--1^) experiments ([Figure 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). The calculated temperature sensitivity showed that in all experiments, except in the control (*p* = 0.17, *n* = 3), warming led to higher BDOC values, with the resulting activation energies varying between 0.44 ± 0.01 eV (Q~10~ = 1.8 ± 1.0) in the mangrove and 1.45 ± 0.15 eV (Q~10~ = 6.4 ± 0.8) in the seagrass experiment ([Table 2](#T2){ref-type="table"}). BDOC *E*~a~ values were significantly higher in the seagrass and glucose experiments relative to the other 2 DOC sources (seagrass = glucose \> control = mangrove, ANCOVA, *p* = 0.003--0.013).

![Average bioavailable dissolved organic carbon (BDOC; difference between initial and minimum DOC concentration) during the control, glucose, seagrass, and mangrove experiments, performed at --3°C (gray), *in situ* (white), and +3°C (black). Error bars represent standard deviations.](fmicb-10-02807-g001){#F1}

###### 

The estimated activation energy (*E*~a~ in eV) and temperature coefficient, *Q*~10~, for bioavailable dissolved carbon (BDOC), bacterial growth (BG), productivity (BP~Int~), cell-specific bacterial production (Cell BP), alkaline phosphatase (APase~Int~), β-glucosidase (BGase~Int~), and leucine aminopeptidase (LAPase~Int~) enzymatic activity integrated over the 4 days incubation period in the different experiments (control, glucose, seagrass, and mangrove). Average values ± standard errors.

  **Variable**                 **Control**   **Glucose**   **Seagrass**   **Mangrove**
  -------------- ------------- ------------- ------------- -------------- --------------
  BDOC           *E*~a~ (eV)   0.44 ± 0.14   1.12 ± 0.09   1.45 ± 0.15    0.44 ± 0.01
                 Q~10~         1.8 ± 0.8     4.2 ± 0.9     6.4 ± 0.8      1.8 ± 1.0
  BG             *E*~a~ (eV)   0.01 ± 0.04   0.64 ± 0.05   0.14 ± 0.05    −0.16 ± 0.03
                 Q~10~                       2.3 ± 0.9     1.2 ± 0.9      
  BP~Int~        *E*~a~ (eV)   0.23 ± 0.09   0.41 ± 0.09   0.53 ± 0.21    1.17 ± 0.09
                 Q~10~         1.3 ± 0.9     1.7 ± 0.9     2.0 ± 0.8      4.5 ± 0.9
  Cell BP        *E*~a~ (eV)   0.08 ± 0.10   0.22 ± 0.09   0.48 ± 0.05    1.07 ± 0.05
                 Q~10~                       1.3 ± 0.9     1.8 ± 0.9      3.9 ± 0.9
  APase~Int~     *E*~a~ (eV)   1.25 ± 0.11   1.22 ± 0.29   0.97 ± 0.35    0.84 ± 0.16
                 Q~10~         5.0 ± 0.9     4.8 ± 0.7     3.4 ± 0.6      2.9 ± 0.8
  BGase~Int~     *E*~a~ (eV)   1.85 ± 0.12   0.72 ± 0.04   0.58 ± 0.02    0.77 ± 0.12
                 Q~10~         10.7 ± 0.9    2.5 ± 0.9     2.1 ± 0.9      2.7 ± 0.9
  LAPase~Int~    *E*~a~ (eV)   0.25 ± 0.23   0.38 ± 0.14   1.51 ± 0.02    2.20 ± 0.55
                 Q~10~         1.4 ± 0.7     1.6 ± 0.9     6.9 ± 1.0      17.5 ± 0.5

Bacterial Response to Sources of DOC and Warming {#S3.SS2}
------------------------------------------------

As expected, initial bacterial biomass (BB~0~) did not differ between experiments ([Figures 2A--D](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), but it increased in all experiments following the consumption of DOC. The highest BB was reached in the mangrove experiment (day 3), followed by 16--25 times lower values in the seagrass, glucose, and control experiments ([Figures 2A--D](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Warming only had measurable impacts on BG (see section "Materials and Methods," [Table 1](#T1){ref-type="table"}) in the glucose experiments with an *E*~a~ of 0.64 ± 0.05 eV (Q~10~ = 2.3 ± 0.9), although there was also a minor response in the seagrass experiment but with a high error (0.14 ± 0.09 eV; Q~10~ = 1.2 ± 0.9, [Table 2](#T2){ref-type="table"}).

![Dynamics of bacterial biomass (BB; **A--D**), production (BP; **E--H**), and cell-specific bacterial production (Cell BP; **I--L**) during the 4 days incubations in the different experiments (control, glucose, seagrass, and mangrove) performed at --3°C (![](fmicb-10-02807-i001.jpg)), *in situ* (![](fmicb-10-02807-i002.jpg)), and +3°C (![](fmicb-10-02807-i001.jpg)). Values are mean values of three replicates and the Error bars represent standard deviations, where not visible error bars are within the symbol. Please note the difference in *Y*-axis scaling for the mangrove experiment.](fmicb-10-02807-g002){#F2}

Initial bacterial production (BP~0~) was also similar in all experiments and temperatures but after 4 days (BP~4~) it was one order of magnitude higher in the mangrove experiment compared with the two other substrates and control ([Table 1](#T1){ref-type="table"}). In all experiments, BP showed a rapid initial increase to reach a rather stable level after 3 days of incubation with the exception of the mangrove experiment that kept increasing ([Figures 2E--H](#F2){ref-type="fig"}). Warming increased the 4 days integrated BP (BP~Int~) rates in all experiments, with activation energies for BP~Int~ varying from 0.23 ± 0.09 eV (Q~10~ = 1.3 ± 0.9) in the control, followed by the glucose (0.41 ± 0.09 eV; Q~10~ = 1.7 ± 0.9) and seagrass (0.53 ± 0.21 eV; Q~10~ = 2.0 ± 0.8) experiments and up to 1.17 ± 0.09 eV (Q~10~ = 4.5 ± 0.9) in the mangrove experiment ([Table 2](#T2){ref-type="table"}). The ANCOVA analysis showed that the BP~Int~ activation energies were significantly higher in the mangrove relative to the other three DOC sources (mangrove \> control = glucose = seagrass, ANCOVA, *p* = 0.007--0.027). The BP~Int~ and BG ratio was on average (±standard error) 1.1 ± 0.2, which is not significantly different from a 1:1 ratio, showing that both provide similar estimates of growth.

The Cell BP was largely driven by BP although changes in cell abundance modified slightly the pattern in the control and glucose experiments. Cell BP increased about 10 times in the mangrove experiment and about five times in the glucose and seagrass experiments (all at day 2), whereas the control only doubled by day 3 ([Figures 2I--L](#F2){ref-type="fig"}). After days 2 and 3 the Cell BP decreased in all experiments except in the mangrove where it increased again on day 4. Warming impacted Cell BP in the glucose (0.22 ± 0.09 eV; Q~10~ = 1.3 ± 0.9), seagrass (0.48 ± 0.05 eV; Q~10~ = 1.8 ± 0.9), and mangrove (1.07 ± 0.05 eV; Q~10~ = 3.9 ± 0.9), experiments with the ANCOVA analysis demonstrating a significantly higher *E*~a~ values in the mangrove relative to the other two DOC sources and control (mangrove \> control = glucose = seagrass, ANCOVA, *p* = 0.002--0.015).

Bacterial growth efficiency decreased with BDOC within the four experiments, resulting in highest values in the mangrove (between 27 ± 4 and 43 ± 7%) followed by the seagrass, and then by the glucose and control experiments with similarly low BGE values (∼2%; [Figure 3](#F3){ref-type="fig"}). Warming consistently caused lower BGE within experiments ([Figure 3](#F3){ref-type="fig"}), although the negative relationship between temperature and BGE was only significant for the seagrass experiment (*p* = 0.014, *n* = 3). Overall, BGE decreased between 0.12% (control and glucose) and 2.64% per°C warming (mangrove).

![Bacterial growth efficiency (BGE in %) during the control, glucose, seagrass, and mangrove experiments performed at --3°C (gray), *in situ* (white), and +3°C (black). Values are mean values of three replicates and the error bars represent standard deviations.](fmicb-10-02807-g003){#F3}

Total Extracellular Enzymatic Activity {#S3.SS3}
--------------------------------------

In general, the activity of LAPase (LAPase: 0--883 nmol L^--1^ h^--1^) was the highest followed by the activity of APase (APase: 0--206 nmol L^--1^ h^--1^) and BGase (BGase: 0--93 nmol L^--1^ h^--1^; [Figure 4](#F4){ref-type="fig"}). All of the three EEAs showed an initial activity increase, particularly in the mangrove and seagrass experiments ([Figure 4](#F4){ref-type="fig"}). APase activity increased in the mangrove relative to the control (by more than 20 times), but not in the other experiments ([Figures 4A--D](#F4){ref-type="fig"}). BGase activity at the end of the experiment was approximately 4 and 90 times higher in seagrass and mangrove experiments relative to the control ([Figures 4E--H](#F4){ref-type="fig"}). Similarly, LAPase activity at the end of the experiment was approximately 8 and 35 times higher in the seagrass and mangrove experiments compared to the control ([Figures 4I--L](#F4){ref-type="fig"}). APase and BGase activities increased with warming in all experiments, except for APase at day 4 in the mangrove experiment, and for BGase in the seagrass experiment ([Figures 4A--H](#F4){ref-type="fig"}). LAPase activity also increased in response to warming in the seagrass and mangrove experiments but was not clearly affected in the control and glucose experiments ([Figures 4I--L](#F4){ref-type="fig"}). APase and BGase activation energies were highest in the control experiment (APase: 1.25 ± 0.11 eV; Q~10~ = 5.0 ± 0.9; BGase: 1.85 ± 0.12 eV; Q~10~ = 10.7 ± 0.9), and lowest in the mangrove (APase: 0.84 ± 0.16 eV; Q~10~ = 2.9 ± 0.8; BGase: 0.77 ± 0.12 eV; Q~10~ = 2.7 ± 0.9) and seagrass (APase: 0.97 ± 0.35 eV; Q~10~ = 3.4 ± 0.6; BGase: 0.58 ± 0.02 eV; Q~10~ = 2.1 ± 0.9) experiments, respectively. LAPase showed opposite trends to APase with highest *E*~a~ in the mangrove (2.20 ± 0.55 eV; Q~10~ = 17.5 ± 0.5) and lowest in the control experiment (0.25 ± 0.23 eV; Q~10~ = 1.4 ± 0.7) ([Table 2](#T2){ref-type="table"}). The ANCOVA analysis showed that the *E*~a~ was not significantly different between DOC sources for the APase (*p* = 0.20--0.87), while higher BGase *E*~a~ was found in the control compared to the three others (*p* = 0.003--0.006) and APase *E*~a~ was significantly higher in the mangrove and seagrass than in the other two sources (*p* = 0.008--0.049).

![Dynamics of estimated potential enzyme activity rates of alkaline phosphatase (APase **A--D**), β-glucosidase (BGase; **E--H**), and leucine aminopeptidase (LAPase; **I--L**) during the 4 days incubations in the different experiments (control, glucose, seagrass, and mangrove) performed at --3°C (![](fmicb-10-02807-i001.jpg)), *in situ* (![](fmicb-10-02807-i002.jpg)), and +3°C (![](fmicb-10-02807-i001.jpg)). Values are mean values of three replicates and the Error bars represent standard error, where not visible error bars are within the symbol. Please note the difference in *Y*-axis scaling for all the enzyme activities in the mangrove experiment and the seagrass LAPase activity.](fmicb-10-02807-g004){#F4}

Discussion {#S4}
==========

Determining the impact of temperature on heterotrophic bacterial degradation of DOC is essential to predict the response of tropical coastal waters to climate change ([@B25]; [@B45]). After consumption, DOC has two possible pathways: it is either used for building up new BB (BP) or respired to CO~2~ (BR), with both processes being impacted by environmental conditions (e.g., temperature) and DOC chemical composition ([@B50]; [@B51]; [@B40]). Most previous studies have focused on how warming impacts BP or, less frequently, BR under natural environmental conditions, while other potentially important factors such as DOC quality or bioavailability have been neglected. Theoretically, with no other limitation, warming should result in higher enzymatic activity ([@B19]), followed by higher growth rates and ultimately abundances ([@B31]). However, in coastal marine systems bacterial DOC resources vary widely in their concentration and composition, depending on their ultimate source and age, and therefore the impact of warming may be far from homogeneous.

The application of the Arrhenius law has been broadened over the last decade under its reformulation within the metabolic theory of ecology (MTE; [@B15]). For example, the MTE has been previously used to calculate the *E*~a~ of ocean organic carbon degradation ([@B45]), bacterial productivity ([@B46]; [@B57]), bacterial specific growth rates ([@B37]) and the metabolic balance of the upper ocean ([@B15]; [@B50]; [@B46], [@B45]). The MTE combines the effects of body size and temperature, suggesting that biogeochemical pathways depending on the process *E*~a~ might react differently to warming, possibly changing the overall flow of inorganic and organic material in marine ecosystems. According to this theory, the *E*~a~ of heterotrophic metabolism should approach a value of 0.65 eV ([@B15]; [@B51]). In our study the *E*~a~ values were generally higher or lower than the MTE predicted value. For lower values this can be interpreted in terms of e.g., inorganic and organic substrate stoichiometry and availability, so that the MTE predicted *E*~a~ are only met in substrate-sufficient conditions ([@B37]; [@B56]). Therefore, if the activity is limited due to e.g., a lack or an unfavorable balance between carbon and nutrients, an increase in temperature does not have an effect or a very limited one (low *E*~a~). That could be the interpretation for BDOC, BG and BP in the control experiment without extra DOC addition.

Extracellular enzymatic activities are the gatekeeper of the carbon cycle ([@B7]). However, the temperature dependence of marine extracellular enzymatic activity has not been studied in detail, and the few available estimates show highly variable *E*~a~ values (LAPase ca. −0.15--15.2 eV; BGase: 2.2--23.3 eV) ([@B69]; [@B61]). A recent global study has confirmed that generally, extracellular enzymatic activities increase with temperature, with higher *E*~a~ for BGase (0.12--0.39 eV) relative to LAPase (0.08−0.24 eV) ([@B8]). In [@B11] we reported an increase in the total and cell-free LAPase in response to warming, which was ultimately affected by the bioavailability of DOC. However, in that study we did not calculate *E*~a~ values nor did we look at the effect of temperature on other EEA such as BGase or APase. In the present study, we calculated the *E*~a~ for all those enzymes, finding that ours lay within previously reported values. Most importantly, we also show that changing the DOM substrate did have some impacts on BGase while strongly increased LAPase ([Figure 4](#F4){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). Of all the enzymes tested, APase showed the smallest range of *E*~a~ across all DOM substrates (0.94--1.25 eV), which is in accordance with previous findings ([@B8]). When warming was the only perturbation of the community (control experiment), the enzymes had different *E*~a~ values. As the substrate that these enzymes target likely differ in their N and P content, it suggests that warming alone could affect the stoichiometry (i.e., the C:P and N:P ratios) of the degraded DOM macromolecules. However, when DOM from different sources were added, the *E*~a~ of the enzymes assessed changed relatively, which would cause further changes in the C:P and N:P ratios. For example, the higher *E*~a~ of LAPase relative to BGase would mean a shift toward higher degradation of proteins relative to carbohydrates, which in turn would decrease the C:N ratio of the degraded DOM pool. But it should be kept in mind that in our experiments the activity of only three classes of extracellular enzymes were tested, while in natural systems other enzymes would also be influenced by changing temperatures and BDOC levels, which combined would determine overall changes in the DOM stoichiometry.

The DOC bioavailability has previously been shown to vary depending on chemical composition and molecular size, and factors including inorganic nutrient availability, bacterial diversity (species and functions), mineral-particle associations, temperature and sun-light exposure (e.g., [@B3]; [@B67]; [@B23]; [@B39]). From our study it is clear that the BDOC levels had an overwhelmingly important effect on the measured response of the bacterial community, with the magnitude of this response being amplified by increasing temperature. It is noteworthy that the addition of seagrass extract reduced the BDOC even below the level of the control. By contrast, the mangrove leachate proved to be an excellent substrate with large amounts of DOC being consumed, stimulating BP as well as enzyme activities. In this study BDOC *E*~a~ varied largely, with values for the control and mangrove experiments (0.44 eV) being close to those found for DOC compounds degraded over days (∼0.39 eV; [@B45]). In contrast, values for the seagrass and glucose (1.45 and 1.12 eV, respectively) experiments were closer to compounds degraded over longer timescales (∼1.21 eV; [@B45]). The activation energies therefore varied with DOC substrates, which could be linked to differences in their chemical composition, with some compounds requiring more energy to be consumed ([@B14]; [@B45]). The high *E*~a~ for labile glucose was rather surprising. Higher *E*~a~ values have been related in soil studies to the presence of more refractory DOM ([@B21]). Since it is hard to imagine that glucose is more refractory than e.g., mangrove or seagrass DOM, we would rather argue that the bacterial community composition was actually different or that the processes involved in glucose degradation simply had a different, higher temperature sensitivity than the complex mixture of mangrove or seagrass DOM. In the Great Barrier Reef *Pelagibacter* spp., belonging to the SAR11-cluster of Alphaproteobacteria, represents between 20 and 84% of retrieved sequences ([@B2]). Some *Pelagibacter* strains have been shown to lack glycolysis and therefore do not utilize glucose ([@B66]). If these strains were present in relative high numbers in our experiments, they could have caused a lower BDOC values in the glucose experiment.

The transfer of organic matter from DOC degradation to heterotrophic bacteria and subsequent, higher trophic levels ultimately depends on the BGE, which describes the relation between BP and BR. This ratio has previously been shown to vary greatly depending on environmental factors such as nutrient availability and trophic status ([@B64]; [@B51]), DOM composition and quality (e.g., [@B33]; [@B6]), previous sunlight exposure ([@B48]) and temperature ([@B64]; [@B42]). For marine heterotrophic bacteria, the metabolic rates and consequently the energy demand theoretically grows with increasing temperature (e.g., [@B19]). Combined with substrate, temperature has been shown to limit bacterial activity ([@B62]; [@B40]), with BGE suggested to be more strongly linked to resource (nutrients) availability than to temperature ([@B51]; [@B22]). Overall, our ranges in BGE were comparable to values reported in other marine systems ([@B32]). However, with regard to the effect of substrate, it is clear from our experiments that the addition of mangrove DOC caused the largest increase in biomass and BGE (up to fivefold), while comparably low values were found in the seawater (control) and glucose experiments ([Figure 3](#F3){ref-type="fig"}). Comparing all experiments, we found that higher BDOC led to lower BGE (within the four experiments), contrary to previous findings (e.g., [@B6]). This could be explained by differences in the DOC chemical composition, nutrient availability and/or the bacterial community composition. If we average the temperature dependences of BG and BP (i.e., the two independent methods we used for estimating the conversion of DOC into BB) shown in [Table 2](#T2){ref-type="table"}, the corresponding *E*~a~ values were different between them but were both lower than for BDOC in all experiments. This suggests that when carbon availability increased, it was used for catabolic (energy consumption) rather than anabolic (biomass production) processes. Thus, at higher temperature, tropical coastal bacteria were respiring the extra carbon away ([Figure 5](#F5){ref-type="fig"}). Overall, we found an inverse relationship between BGE with BDOC and temperature within each experiment, demonstrating that increasing temperature decreased BGE and thereby hamper the transfer of carbon and energy up the food web. This apparent direct negative effect of temperature on BGE is contradictory to some studies (e.g., [@B68]) but in accordance with [@B64], who reviewed literature values over a large set of environments differing in bacterioplankton community composition and trophic conditions. Since the initial bacterial community was the same in all experiments, although probably each DOM source selected for different dominant bacterial taxa, the consistent negative response of BGE to warming can be readily interpreted as a BR increase with temperature ([Figure 5](#F5){ref-type="fig"}: because BDOC increased), while other factors, e.g., micronutrients or vitamins not measured in this study, could be limiting at higher temperatures, ultimately precluding an efficient transformation of consumed BDOC into microbial biomass.

![Graphical representation of the bioavailable dissolved organic carbon (BDOC; difference between initial and minimum DOC concentration), bacterial growth and bacterial respiration in all experiments (control, glucose, seagrass, and mangrove), over the range of temperatures (--3°C, *in situ*, and +3°C). The shaded areas highlight the bacterial respiration, as the difference between bioavailable DOC and bacterial growth. Please note that due to the scale the differences in bacterial growth with temperature are not visible.](fmicb-10-02807-g005){#F5}

In this study, comparing DOC amendments from different sources, we found for the first time in tropical waters that: (1) extracellular enzymatic activity and BDOC increased with warming, (2) this enhanced processing of DOC did not consistently result in higher BB production, since the increases in respiration were larger than for BG with warming in all experiments, and (3) different DOC source bioavailability influenced how the microbial community responded to warming ([Figure 5](#F5){ref-type="fig"}).

Since heterotrophic bacteria play key roles in the marine carbon cycle, even minor changes in either their metabolism (i.e., caused by warming) or the availability of organic substrates (e.g., changes in the relative inputs of seagrass and mangrove-derived DOC assessed here) could have major impacts on future ocean biogeochemistry. Potential changes in primary producer stocks ([@B12]) and community composition ([@B27]) due to climate change can strongly affect the proportion and composition of DOC released ([@B26]). Several modeling and experimental studies predict increases in the relative importance of dissolved primary production in direct response to warming ([@B26]; [@B38]). In coastal, shallow tropical waters, such as the Great Barrier Reef, seagrass, and mangrove ecosystems fuel part of the pelagic microbial activity ([@B1]). However, as their relative coverage is estimated to decline by more than 40% within the next 100 years ([@B60]), the supply of two important carbon sources will be severely diminished. Our findings suggest that seagrass and mangrove extracts have contrasting bioavailability which consequently impacted the microbial community. Therefore, relative changes in extent and productivity of these systems by themselves would impact the biogeochemical cycles. But we also provide evidence that combined changes in substrate and temperature could indeed lead to less carbon being transferred up the food web, which would be instead lost to the atmosphere as CO~2~ due to the widespread decrease in BGE at elevated temperatures (0.1--2.6% per°C). In this context it should be borne in mind that our small-scale incubations can be useful to examine functional responses and causal relationships but should not be directly used to predict the manner in which warming will impact ecosystem scale processes, as many biological, physical and chemical interactions are not considered in these type of perturbation experiments. In the Great Barrier Reef short term physical processes, e.g., intrusion events from the Coral Sea can cause abrupt changes in temperature. It could therefore be argued that the microbial community is already well adapted to abrupt changes in temperatures as applied in these experiments. Ocean warming will also happen as a gradual heat absorption, while in our experiments we used an abrupt temperature shift of 3°C above or below the *in situ* temperature. Since microbes have short generation times and large population sizes, it is possible that a more gradual warming, as will be experienced with global warming, could allow a progressive acclimation or adaptation of the microbial community. In soils and lakes longer term heating experiments have demonstrated that microbial activity returns to pre-warming values within a few years, which has been linked with a depletion of labile organic matter and/or thermal adaptation (e.g., [@B13]; [@B65]). Acclimation or adaptation might also occur in the ocean, but studies testing the implications of such processes in the ocean are still lacking.
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